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ABSTRACT
The origin of Fast Radio Bursts (FRBs) is still mysterious. All FRBs to date show extremely high
brightness temperatures, requiring a coherent emission mechanism. Using constraints derived from
the physics of one of these mechanisms, the synchrotron maser, as well as observations, we show that
accretion induced explosions of neutron stars with surface magnetic fields of B∗ . 1011 G are favoured
as FRB progenitors.
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1. INTRODUCTION
Fast Radio Bursts (FRBs) are bright radio transients
of millisecond duration. A total of 33 FRBs have been
published to date (Petroff et al. 2016)1. They have
typical fluxes of ∼ 1 Jy and are distinguished by their
large dispersion measures (DM). These are in the range
176 pc cm−3 to 2596 pc cm−3, an order of magnitude
greater than values expected from Milky Way electrons
(Petroff et al. 2016; Champion et al. 2016), suggesting
an extragalactic origin for FRBs.
Of the 33 FRBs to date, 32 show no evidence of repeti-
tion. However, one of the bursts, FRB 121102, has been
observed to repeat, allowing it to be localised (Spitler
et al. 2016). A persistent counterpart and host galaxy
were identified at a redshift of z = 0.193, equivalent to
a luminosity distance of dL = 972 Mpc, strengthening
the case for an extragalactic origin for FRBs (Tendulkar
et al. 2017; Marcote et al. 2017; Chatterjee et al. 2017).
The nature of FRB progenitors is still unknown. The
small scale and large energies involved has led most mod-
els to consider compact objects such as neutron stars
playing crucial roles in the production of FRBs. The
numerous proposed models fall into two classes, cata-
clysmic and non-cataclysmic. Cataclysmic models in-
clude ’blitzars’ (collapsing neutron stars) (Falcke & Rez-
zolla 2014), binary neutron star mergers (e.g. Piro 2012),
white dwarf mergers (Kashiyama et al. 2013) and neu-
tron star-black hole mergers (Mingarelli et al. 2015).
Non-cataclysmic models include giant pulses from ex-
tragalactic pulsars and young neutron stars (e.g. Keane
et al. 2012; Cordes & Wasserman 2016) and flares from
1 http://www.frbcat.org/
soft gamma repeaters (SGRs) (Popov & Postnov 2013;
Lyubarsky 2014; Beloborodov 2017).
Despite the large degree of uncertainty regarding the
nature of the progenitor, there is a consensus on the
need for a coherent emission process. This follows from
the extremely high brightness temperatures of up to
Tb ∼ 1037 K (Katz 2016). As we show here, this require-
ment holds the key to understanding the nature of the
progenitor. Analysing the conditions required to pro-
duce the necessary coherent emission allows us to place
strong constraints on possible FRB progenitors.
We find that the conditions found in the environ-
ments of neutron stars with surface magnetic fields of
B∗ . 1011 G are similar to those required for a coherent
emission mechanism, the synchrotron maser, to produce
a FRB. Furthermore, the proportion of neutron stars
with these magnetic fields is ∼ 10%, and the FRB rate
is comparable to this fraction of the neutron star for-
mation rate. These results allow us to propose weakly
magnetised neutron stars as FRB progenitors.
2. THE BASIC PHYSICS OF THE SYNCHROTRON
MASER
Several mechanisms have been proposed to explain
the coherent emission required to produce the extreme
brightness temperatures of FRBs. Models include co-
herent curvature emission (Kumar et al. 2017; Ghisellini
& Locatelli 2017), the cyclotron/synchrotron maser
(Lyubarsky 2014; Beloborodov 2017; Waxman 2017;
Ghisellini 2017) and collisionless Bremsstrahlung in
strong plasma turbulence (Romero et al. 2016).
Here we examine the synchrotron maser as the mech-
anism responsible for FRBs. The maser has the advan-
tage of being a viable emission mechanism over a range
of magnetic fields and number densities, as well as not
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2requiring particles to be bunched in small volumes in or-
der to obtain coherent emission (Ghisellini 2017). Pre-
vious works invoking the maser have examined specific
models (Lyubarsky 2014; Beloborodov 2017; Waxman
2017) or the mechanism itself (Ghisellini 2017), but have
not used the mechanism’s properties to derive general
constraints on the progenitor.
Maser emission is produced due to interaction be-
tween electromagnetic waves and energetic particles in
a plasma, which can result in negative absorption and
stimulated emission under certain conditions (Wu 1985;
Treumann 2006). The behaviour of the maser is deter-
mined by the form of the particle distribution and the
environment where it occurs. For masing to occur, a
population inversion in the electron distribution is re-
quired (Wu 1985; Rybicki & Lightman 1979).
Maser emission has been suggested to occur in astro-
physical sources for two different types of environments,
differentiated by whether the plasma magnetisation is
greater or less than unity, as different mechanisms are
responsible in the two cases. The magnetisation can be
quantified by the ratio νp/νB , where νp is the plasma
frequency, given by νp =
√
ne2/piγme. Here n is the
number density of the plasma and γ is the Lorentz factor
of the electrons. The gyration frequency of the plasma
particles, νB , is given by νB = eB/(2piγmec).
Here we examine both cases. In scenario (i) we inves-
tigate a homogeneous magnetised plasma (νp/νB < 1),
with a constant ambient magnetic field B. The plasma
consists of a cold background component, which sup-
ports the propagation of the waves, and a less dense
nonthermal component. The emission is due to gyrores-
onant interactions between the electrons and electro-
magnetic waves (Wu 1985). In this scenario, we con-
sider the nonthermal component to be a mildly rela-
tivistic magnetised plasma (Louarn et al. 1986), rather
than the nonrelativistic magnetised plasma which has
been proposed as the source of phenomena such as au-
roral kilometric radiation (AKR) in Earth’s aurora, as
well emission from other planets, the Sun, and blazars
(Treumann 2006; Begelman et al. 2005). This mech-
anism is not applicable to highly relativistic plasmas,
as masing can only occur when individual harmonics
do not overlap (Robinson 1985; Yoon 1990). At higher
Lorentz factors, the emission can be described by the
synchrotron approximation (e.g. Dulk & Marsh 1982).
In scenario (ii) we consider a weakly magnetised
(νp/νB > 1) relativistic nonthermal plasma. Maser
emission in these conditions has been proposed as the
source of radio emission from gamma ray burst after-
glows (Sagiv & Waxman 2002). In this scenario the
masing emission is due to the Razin effect, a modifi-
cation of the emission from a relativistic plasma with
respect to the vacuum case, which can result in ei-
ther suppression or, when a population inversion is
present, amplification of the emitted signal (McCray
1966; Zheleznyakov 1967). This is due to a change in
the beaming angle of the radiation when the refrac-
tive index of the plasma is less than unity (Rybicki &
Lightman 1979). For this case, a relativistic plasma is
required, as the Razin effect is a relativistic effect and
so would not effect cyclotron emission. This restriction
does not apply in the magnetised case, due to the Razin
effect only being relevant for νp/νB > 1, as emission
at the Razin frequency of νR∗ ≈ νpmin
{
γ,
√
νp/νB
}
would otherwise not be visible.
3. PHYSICAL AND OBSERVATIONAL
CONSTRAINTS OF THE ALLOWED
PARAMETER SPACE REGION THAT ENABLES
THE PRODUCTION OF FRBS
The physical conditions in the region where the mas-
ing takes place can be constrained using the physics of
the maser and constraints from observations, allowing
us to place limits on the magnetic fields and number
densities where the synchrotron maser can plausibly be
the emission mechanism for FRBs.
We consider a cataclysmic FRB progenitor. However,
as the repeating burst FRB 121102 is the only one to
have a known redshift, it is the only source which pro-
vides observational constraints for quantities such as the
burst energy and the DM of the host galaxy. Therefore,
we use the values it provides as representative limits for
our calculations.
The data enable us to obtain constraints linking the
size and number density of the masing region to the
magnetic field of the neutron star. These constraints
are obtained from: (i) the energetics of the burst and
size of the masing region, (ii) the efficiency of the maser
mechanism, (iii) the dispersion measure of the burst and
(iv) the frequency of the signal.
We consider that masing takes place in a spherical
shell of thickness d, located a distance R from the central
object. The maser will be activated by the formation of
a population inversion in the shell. The magnetic fields
and short timescale (. d/cΓ) required suggest this ob-
ject is a neutron star, though the timescale for maser
emission is given by the duration of the maser itself
(Ghisellini 2017). Assuming a relativistic blast wave the
shocked plasma has a width ∼ R/Γ (Blandford & Mc-
Kee 1976), where Γ is the Lorentz factor of the blast
3wave. This typical width provides the first constraint,
on the thickness of the shell:
d ∼ R
Γ
. (1)
The minimum thickness of the shell depends on the
number of particles that contribute to the masing, Ne =
E/(η 〈Ee〉), and their number density, ne. Here, E is the
energy of the bursts (in the range 1038−1040 erg for the
repeater (Tendulkar et al. 2017; Law et al. 2017)), η is
the fraction of the electrons’ energy that contributes to
the maser and 〈Ee〉 is the average energy of the mas-
ing electrons. These shocked electrons have a thermal
energy of γ ≈ Γ.
Constraint (ii) originates from the efficiency of the
maser. For the maser to be a viable emission mechanism,
the growth rate of the signal must be large enough to ex-
tract a fraction η of the particle energy. The maser will
be quenched when the maser reaches saturation. The
efficiency of the maser mechanism in simulations of rel-
ativistic shocks was shown to be η . 10−1 (e.g. Gallant
et al. 1992; Sironi & Spitkovsky 2009). In the case of
AKR, the efficiency is in the range η ∼ 10−1−10−3 (Wu
1985). The exact value, however, depends on the form of
the particle distribution, which is uncertain. We there-
fore examine values of η in the range 10−3 . η . 10−1
in this work. Lu & Kumar (2018) give upper limits to
the efficiency of η . 10−5, derived from limits on the
brightness temperature from induced Compton scatter-
ing. However, plasma experiments suggest that this sat-
uration effect is not observed for high TB (Romero et al.
2016; Benford & Lesch 1998).
The growth rate, and therefore the efficiency, depends
on the distribution function of the electrons. There is a
wide range of possible distributions which can provide
the requisite population inversion. We do not specify
an exact form for the distribution as our results are un-
changed provided the growth rate is large enough to ex-
tract the required energy over the width of the masing
cavity.
The third constraint comes from the dispersion mea-
sure. Assuming the DM from the source is solely due to
the particles in the shell, one has DMsource = DMshell,
where DMshell = ncd for a cold plasma and DMshell =
ned/2γ for a relativistic plasma. Here, nc and ne
denote the cold and relativistic electrons in the shell
(Shcherbakov 2008). The contribution to the DM from
the source region is uncertain. The total DM value
also contains contributions from the Milky Way, Milky
Way halo, the intergalactic medium (IGM) and the host
galaxy. For FRB 121102, Tendulkar et al. (2017) esti-
mate the DM due to the host galaxy as 55 . DMhost .
225 pc cm−3. The contribution to this from the galaxy
rather than the source region depends on the location of
the FRB within the galaxy. Using these values as guide-
lines, the DM due to the shell isDMshell . 225 pc cm−3.
Constraint (iv) is derived from equating the mas-
ing frequency to the emission frequency of the bursts,
which have observed frequencies of approximately νobs ∼
1.4 GHz. Here, one discriminates between the two sce-
narios. For weakly magnetised plasma, the maser fre-
quency is given by the Razin frequency, νR∗, where the
growth rate is at a maximum. Equating the Razin fre-
quency to the emission frequency of νobs/Γ and noting
γ = Γ gives the magnetic field in the masing region as
BM = 1.32× 10−13
√
n3eγ
3 . (2)
The range
1 <
νp
νB
< γ2 (3)
delimits the range where νR∗ = νp
√
νp/νB . For
νp/νB > γ
2 the Razin frequency is νR∗ = γνp. While
masing emission is still possible in this regime, the al-
lowed parameter space is restricted to a small region
with low magnetic fields due to constraints from the
DM, shell size and observed emission frequency. Includ-
ing the neutron stars in this region will not change the
statistics for our model discussed below. The range of
interest given by equation 3 can therefore be expressed
in terms of the number density using equation 2 as
2.4× 1010
γ3
< ne <
2.4× 1010
γ
, (4)
This provides upper and lower limits on the number den-
sity which depend on the Lorentz factor of the electrons.
On the other hand, for the strongly magnetised
plasma the frequency of the maser is νM ≈ lνB , giving
a shell magnetic field of:
BM ≈ 500l−1G . (5)
where νM = νobs/Γ and l is the harmonic number of the
fastest growing mode.
4. RESULTS
For both the weakly and strongly magnetised plasmas,
we investigate neutron star surface magnetic fields in the
range 107 G < B∗ < 1015 G. This encompasses the full
range of surface magnetic field values for all published
pulsars (Manchester et al. 2005)2. In both cases the
magnetic field outside the surface was taken to be of the
2 http://www.atnf.csiro.au/research/pulsar/psrcat
4form B ∝ 1/r3 inside the light cylinder, and B ∝ 1/r
outside (Goldreich & Julian 1969). The light cylinder ra-
dius rL = cP/2pi is the radius at which the co-rotating
speed is equal to the speed of light. Here P is the pe-
riod of the pulsar. We also investigate the full range of
number densities in the masing region.
In the weakly magnetised scenario, the range
of ne is given by equation 4. Lorentz factors of γ =
2, 5, 10, 100, 103 and 106 were examined. The larger val-
ues were chosen to examine conditions similar to pulsar
wind nebulae, which have Lorentz factors of up to ∼ 106
(Gaensler & Slane 2006; Kirk et al. 2009). The allowed
parameter space for γ = 10, E = 1040 erg and η = 10−3
is shown in Figure 1 as an example. In this case, the
results indicate that the allowed parameter space is re-
stricted to low magnetic fields and n ∼ 108 cm−3. In-
creasing the allowed values of the DM results in the lower
limit decreasing.
The allowed surface magnetic field values depend on
the Lorentz factor, number density in the masing re-
gion and the distance to the masing region, R. As the
volume of the shell is V ≈ 4piR2d, the distance to the
masing region and the number density are related by the
expression
R ≈
(
E
4piηmc2ne
)1/3
. (6)
Using equation 2, the surface magnetic field can there-
fore be expressed as B∗ ∝ n7/6e γ3/2. Taking into account
the maximum allowed number density from equation 4,
ne,max ∝ γ−1, the maximum surface magnetic field is
B∗,max ∝ γ1/3. Thus, the allowed surface magnetic field
depends only weakly on the Lorentz factor. Therefore,
even for very large values of γ only low values of B∗ are
attainable.
We find that a neutron star with a surface magnetic
field of B∗ . 1010 − 1011 G is required for emission
at the appropriate frequency and energy, increasing to
B∗ . 1012 G only in the extremely relativistic γ = 106
case. Ruling out pulsars with magnetic fields greater
than 1011 G leaves approximately 14.5% of the total
population (Manchester et al. 2005). For FRBs with
lower energy and greater efficiency, the upper limit on
the magnetic field can be significantly lower at ∼ 109.5
G. Less than 10% of pulsars have magnetic fields lower
than this value. These upper limits on B∗ are thus very
strong constraints as they rule out the majority of pul-
sars as being possible hosts for the synchrotron maser in
the context of FRBs. The ∼ 15% of the known pulsar
population that meet the criteria are therefore candi-
dates to be FRB progenitors. Therefore, the FRB rate
should be a similar fraction of the neutron star formation
rate. The neutron star formation rate is approximated
107 108 109 1010
108
1010
1012
1014
n(cm-3)
B
*P -32
R
*,6-3 G
 Upper limit from cavity (d=RΓ )
Lower limit from DM=100 pc cm-3
Lower limit from DM=200 pc cm-3
Limit from νp/νB<γ2
Limit from νp/νB>1
R=1013cm
R=1015cm
R=1017cm
Figure 1. Parameter space (shaded region) for the syn-
chrotron maser with νp/νB > 1, γ = 10, E = 10
40 erg
and η = 10−3. Solid lines show limits while the dashed
lines show lines of constant radius. Values of B∗ . 1010 G,
n ∼ 108 cm−3 and R ∼ 1013 cm are preferred. For larger DM
values the lower limit will decrease. Increasing the value of
γ results in less restrictive DM constraints, lower allowed
number densities and higher allowed neutron star surface
magnetic field values.
by the core-collapse supernova rate which is approxi-
mately RSN ∼ (1.42 ± 0.3) × 105 Gpc−3 yr−1 (Bazin
et al. 2009), while the rate of FRBs is approximately
RFRB ∼ 0.98+1.15−0.89 × 104 Gpc−3 yr−1 (Champion et al.
2016). The ratio of the two rates is RFRB/RSN ∼ 0.07.
This value is similar to the fraction of pulsars with sur-
face magnetic fields of less than 1010 G, which is ∼ 0.1.
The limits obtained from DMshell also constrain our
results significantly. They have a particularly marked
effect in the cases with larger numbers of particles in
the masing region. For the higher energy bursts the DM
limits severely constrain the cases with lower Lorentz
factors, while for the lower energy bursts they are only
relevant for Γ = 2. The lower limit on ne depends on the
case under consideration. Bursts with higher energies
and Lorentz factors have lower allowed number densities.
The lowest density of ∼ 1 cm−3 was achieved for γ =
106.
For the highly magnetised plasma scenario, we
examine background (cold electron) number densities of
up to nc = 10
7 cm−3, as values larger than this were
ruled out by constraints from the DM. For each value
of nc, we examine the range 10
−3 < nenc < 10
−1, where
the lower limit is set by the luminosity requirements.
The growth rate decreases with ne, and so smaller val-
ues result in growth rates which are too low to produce
the required luminosity. A Lorentz factors of γ = 2 was
examined, as the maser in this case is not relevant in
highly relativistic scenarios. At the maximum number
density of nc ∼ 107 cm−3, the upper limit on the sur-
5face magnetic field is ∼ 1012 G. As B∗ ∝ n−1/3, at low
number densities higher magnetic fields are obtainable.
However, this scenario can be ruled out entirely through
constraints obtained from the physics of the blast wave.
The Lorentz factor of a blast wave expanding into the
interstellar medium (ISM) is given by
Γ =
(
17E
16pinISMmpc2R3
)1/2
, (7)
where E is the energy of the blast wave, mp is the proton
mass, nISM is the density of the ISM and ne << nc
(Blandford & McKee 1976). This gives the distance to
the shell as R15 . 1.31E1/340 n
−1/3
ISM,0η
−1/3
−3 Γ
−2/3
0 cm, where
Q = 10xQx in cgs units. Using equation 5 and B∗ ≈
c2P 2BMR
4pi2R3∗
, this condition restricts the surface magnetic
field to
B∗,13 . 1.49E1/340 n
−1/3
ISM,0η
−1/3
−3 Γ
−2/3
0 R
−3
∗,6P
2
−3l
−1 G . (8)
Here, R∗ is the radius of the neutron star. However,
the number density is also related to R and B∗ through
equation 1, resulting in the condition
B∗,13 ≈ 11.3E1/340 n−1/3ISM,0η−1/3−3 R−3∗,6P 2−3l−1 G. (9)
Equation 9 does not satisfy the condition in equation
8 for any value of Γ. Therefore the maser in a strongly
magnetised plasma can be ruled out as the possible emis-
sion mechanism.
5. DISCUSSION
Emission from the synchrotron maser can be circu-
larly, elliptically or approximately linearly polarised,
depending on the electron distribution function and
plasma parameters (Treumann 2006; Sagiv & Waxman
2002). Similarly, both circular (e.g. Masui et al. 2015)
and linear polarisation (e.g. Michilli et al. 2018) has
been measured in FRB observations. However, the het-
erogeneous nature of FRB polarisation measurements to
date makes it difficult to draw useful constraints from
the data.
The density constraints obtained from the maser can
be compared to the densities found in the vicinity of
neutron stars. In the case of pulsar wind nebulae, den-
sities of n ∼ 10−6 cm−3 and magnetic fields of BM ∼
10−2−10−1 G are expected (Lyubarsky 2014; Kirk et al.
2009; Gaensler & Slane 2006; Olmi et al. 2014). Neither
of these values lie within the allowed parameter space
for the synchrotron maser, ruling out this scenario.
In order to account for the larger density values re-
quired by our constraints, we are lead to suggest a sce-
nario where weakly magnetised neutron stars undergo
an accretion induced explosion (Katz et al. 1994). The
material expelled by this explosion can then form a
shell of width ∼ R/Γ in which a population inversion
is formed, and as a result masing takes place. Accret-
ing neutron stars in low mass X-Ray binaries (LMXBs)
have typical wind densities of 1013 − 1015 cm−3 at radii
of approximately 1010 cm (Dı´az Trigo & Boirin 2016).
While these density values are too high for the maser,
our scenario considers the masing emission to occur at
larger distances of R ∼ 1013 cm. As, at constant veloc-
ity, n ∝ r−2, the particles from the accretion induced
explosion could plausibly provide suitable number den-
sities for the maser at these distances. Pulsars in bi-
nary systems with B∗ < 1011 G have typical periods of
∼ few ms and make up ∼ 0.09 of the total population
(Manchester et al. 2005), comparable to the ratio of the
FRB and neutron star formation rates. As a result, this
scenario would require a significant fraction of low mag-
netic field neutron stars in binaries to undergo such an
event due to the similarities between the FRB rate and
the neutron star formation rate. The scenario where the
masing occurs in a strongly magnetised plasma is ruled
out due to the impossibility of obtaining a blast wave
of sufficient velocity at the required radius and number
density.
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